Abstract Supplementary oxygen is commonly administered in current medical practice. Recently it has been suggested that hyperoxia causes acute oxidative stress and produces prompt and substantial changes in coronary resistance in patients with ischemic heart disease. In this report, we examined whether the effects of hyperoxia on coronary blood velocity (CBV) would be associated with a reduction in myocardial function. We were also interested in determining if the postulated changes in left ventricular (LV) function seen with tissue Doppler imaging (TDI) could be reversed with intravenous vitamin C, a potent, acute antioxidant. LV function was determined in eight healthy subjects with transthoracic echocardiography and TDI before and after hyperoxia and with and without infusing vitamin C. Hyperoxia compared with room air promptly reduced CBV by 28 ± 3% (from 23.50 ± 2.31 cm/s down to 17.00 ± 1.79 cm/s) and increased relative coronary resistance by 34 ± 5% (from 5.63 ± 0.88 up to 7.32 ± 0.94). Meanwhile, LV myocardial systolic velocity decreased by 11 ± 6% (TDI). These effects on flow and function were eliminated by the infusion of vitamin C, suggesting that these changes are mediated by vitamin C-quenchable substances acting on the coronary microcirculation.
Introduction
Patients presenting to hospitals with acute shortness of breath often receive empiric supplemental oxygen (Moradkhan and Sinoway 2010) . This is potentially problematic since both animal and human studies have found that hyperoxia increases coronary vascular resistance (CVR) and decreases cardiac output (Daniell and Bagwell 1968; Haque et al. 1996) . This effect of high arterial oxygen tension to increase vascular tone may be mediated by the generation of reactive oxygen species (ROS) in the vessel wall (Jamieson et al. 1986; Lee and Choi 2003) . ROS rapidly react with nitric oxide (NO) thus reducing vasodilator responses (Landmesser et al. 2006; Lavi et al. 2008) . Studies from this lab have shown that 100% oxygen produces a prompt and substantial change in coronary resistance and blood flow (McNulty et al. 2005; Momen et al. 2009 ). The constrictor effects of hyperoxia can be acutely reversed by the intravenous administration of highdose vitamin C, a potent anti-oxidant (Mak et al. 2002; McNulty et al. 2007 ).
Feigl and colleagues (Feigl 1987; Huang and Feigl 1988) demonstrated that coronary vasoconstriction due to adrenergic stimulation evoked epicardial constriction, thereby preserving subendocardial blood flow and ventricular performance during exercise. Thus, adrenergic coronary vasoconstriction seen with exercise may be beneficial. In this report, we postulated that hyperoxia would cause a generalized increase in coronary tone and this would lead to a reduction in cardiac function.
The development of new high-frequency, high-resolution ultrasound equipment has allowed investigators to non-invasively measure coronary blood velocity (CBV) with transthoracic echocardiography Hozumi et al. 1998; Momen et al. 2009 ). In an analogous fashion, tissue Doppler imaging (TDI) can be used to assess left ventricular (LV) regional and global function (Derumeaux et al. 1998) . TDI is an echocardiographic technique employing the Doppler principle to measure the velocity of movement of myocardial tissue (as well as other cardiac structures). It is well suited for the measurement of long-axis ventricular function (Nikitin and Witte 2004; Yu et al. 2007) . In this study, we hypothesized that hyperoxia would increase coronary resistance; the hyperoxia-induced vasoconstriction would in turn reduce myocardial function by a mechanism sensitive to the antioxidant vitamin C.
Methods

Study population
Eight healthy normotensive volunteers (4 men and 4 women: age 26.5 ± 1 years, and body mass index, 23.4 ± 0.9 kg/m 2 ) were studied. All subjects were nonsmokers and on no medications including antioxidant vitamins or supplements. Subjects abstained from drinking caffeine for 24 h before performing the studies. All subjects provided informed consent; the experimental protocol was conducted according to the Declaration of Helsinki and was approved by the Institutional Review Board at the Pennsylvania State University College of Medicine. All studies were performed in the General Clinical Research Center at the Penn State College of Medicine, Hershey, PA.
Study protocol
All subjects underwent two hyperoxic challenges (oxygen alone and oxygen with an infusion of vitamin C), which were performed on two separate days. In one hyperoxic challenge, subjects breathed room air for 10 min, and then breathed 100% oxygen via a plastic facemask for 10 min. On the other day, subjects breathed room air for 10 min, then received an intravenous infusion of 3.0 g of vitamin C over 15 min, and then were given 100% oxygen to breath for 10 min. The hyperoxia began 10 min into the vitamin C infusion as described in a previous study (McNulty et al. 2007) (Fig. 1) . Prior reports have shown that this dose of vitamin C promptly restores coronary flow velocity and prevents coronary constriction during oxidative stress (Kaufmann et al. 2000; Teramoto et al. 2004 ). Based on body weight, the vitamin C dose in the current study was 94 ± 4 mg/kg.
Echocardiographic examination
All subjects were studied using echocardiographic examination including TDI data at baseline and during hyperoxic protocols, respectively. Standard transthoracic echocardiography was performed with the subjects in the lateral recumbent position using a digital ultrasound system (iE33, Philips Ultrasound, Bothell, WA, USA) and 5.0-1.0 MHz probe (S5-1). Subjects were encouraged to breath normally throughout the protocol. Echocardiographic measurements included LV end-diastolic and end-systolic dimensions (LVEDD, LVESD) using standard M-mode (Sahn et al. 1978) , LV end-diastolic and end-systolic volumes (LVEDV, LVESV), stroke volume (SV) and ejection fraction (EF) using Simpson's biplane method (Lang et al. 2005) . Cardiac output (CO) was calculated as SV 9 HR. LVEDV was used as an index of preload while LVEF and CO were used as indices of systolic function (Giakoumis et al. 2007; Luecke et al. 2004 ). All measurements were averaged over three to five cardiac cycles.
Assessment of CBV and CVR
CBV and CVR measurements were performed as described before (Momen et al. 2007 . A variable frequency phased-array transducer (S8-1) was employed at the same ultrasound session. For the coronary blood flow signal acquisition, the left ventricle was first imaged in the standard four-chamber long axis view; then the transducer was adjusted to better explore the LV apex. The imaging depth was set at 5 cm and the focal zones were set at *2-3 cm. Color flow mapping was used and the 2D gain was adjusted to obtain the best blood flow signal of the LAD. For color Doppler flow mapping, the velocity range was set at ±19 cm/s. Once the distal portion of the LAD was located in the region of the LV apex, care was taken to orient the transducer so as to acquire the long axis view of the LAD. The average depth of explored coronary branches was 2.18 ± 0.17 cm. With a sample volume (2.0 mm) positioned over the color signal in the LAD, we recorded CBV at the end of expiration before and during the hyperoxic protocols (Fig. 2 ). BP and HR were recorded simultaneously. The Doppler tracing of the diastolic portion of each cardiac cycle was analyzed using Pro Solv Ò 3.0 to obtain peak coronary diastolic blood velocity. TDI TDI was used to measure myocardial tissue velocities. These velocities were obtained with the transducer in the apical four-chamber views and the sampling volume at the septal and lateral mitral annular regions. Measurements included the systolic myocardial velocity (Sm), early (Em), and late (Am) diastolic myocardial velocities at the mitral annulus at the end of the respiration; Sm velocities from the two sites were averaged to derive a sensitive indicator of measurement of myocardial systolic function (Derumeaux et al. 1998) . Similarly, Em and Am velocities from the two mitral annular regions were averaged to derive sensitive markers of regional diastolic function (Derumeaux et al. 1998) . It has been well acknowledged that the TDI technique is relatively insensitive to changes in loading condition and overcomes several limitations associated with the use of routine Doppler inflow velocities (Abali et al. 2005; Derumeaux et al. 1998; Yu et al. 2007) .
The timing of the echocardiographic examination and coronary blood flow recordings are depicted in Fig. 1 . In an effort to measure coronary blood flow from the same portion of the LAD, CBV was obtained at the end of baseline and 6 min into hyperoxia (i.e. the transducer was kept in place). TDI images were then acquired for CBV for the last 2 min of hyperoxia. The same examiner (ZG) performed all of these studies.
Blood pressure and heart rate HR was measured by electrocardiogram and BP using a Finometer (FMS, The Netherlands). Baseline BP was established by an automated sphygmomanometer (Dinamp Critikon, Tampa, FL) and the Finometer was adjusted to match that pressure. Continuous BP and HR data were collected with a computer data acquisition system (Power Lab, AD Instruments, CO). Rate-pressure product (RPP), an index of myocardial oxygen consumption, was calculated as HR 9 systolic BP. An index of CVR was calculated by dividing diastolic BP by CBV (cm/s). CVR was expressed in arbitrary units. CBV and CVR were recorded at baseline and during hyperoxia.
Data analysis and statistics
Beat-by-beat analysis of HR, BP, and CBV were performed for all subjects during each protocol. After normality was confirmed by the Kolmogorov-Smirnov test (i.e. P [ 0.05 for all measurements), a 2 treatment (control, vitamin C) by 2 time point (base, hyperoxia) ANOVA was conducted for all measurements. Paired t-tests were used for post hoc analyses. Intraclass correlations were performed on select baseline data to determine test-retest reliability of the measurement (day 1 vs. day 2). Data are presented as mean values ± SE. A P value of \0.05 was considered statistically significant.
Results
The hemodynamic effects of hyperoxia with and without treatment of vitamin C (Table 1) For HR, there was no main effects for treatment [F(1,7) = 0.873, P = 0.381, gp 2 = 0.111] and no main effect for time [F(1,7) = 2.644, P = 0.148, gp 2 = 0.274] but a significant treatment by time interaction was found [F(1,7) = 36.78, P = 0.001, gp 2 = 0.840]. Subsequent paired t-tests revealed that HR was significantly reduced by hyperoxia (P = 0.014). ANOVA did not reveal any main or interaction effects for SBP, DBP, MBP, and RPP (Table 1 ).
The cardiac effects of hyperoxia with and without the vitamin C infusion (Table 2) LVEDD, EDV, SV, and EF did not reveal any main or interaction effects (Table 2) TDI data and coronary hemodynamic responses to hyperoxia with and without vitamin C (Table 3) For Sm, there was no main effect for treatment [F(1,7) = 4.19, P = 0.080, gp 2 = 0.374] and no main effect for time [F(1,7) = 4.21, P = 0.079, gp 2 = 0.376], but a significant treatment by time interaction was found [F(1,7) = 79.82, P \ 0.001, gp 2 = 0.919]. Paired t tests showed that Sm was significantly reduced by hyperoxia (P = 0.001) and that treatment with vitamin C caused a significantly higher Sm during hyperoxia compared with control (P = 0.001). Diastolic function (Em and Am) did not display any main or interaction effects (Fig. 3) . CBV did not reveal a main effect for treatment [F(1,7) = 4.50, P = 0.072, but did show a main effect for time [F(1,7) = 47.06, P \ 0.001, gp 2 = 0.871] and a treatment by time interaction [F(1,7) = 11.04, P = 0.013, gp 2 = 0.612]. Paired samples t tests demonstrated that hyperoxia significantly reduced CBV (P \ 0.001) and vitamin C caused a significantly higher CBV during hyperoxia compared to control (P = 0.005). CVR did not reveal a main effect for treatment [F(1,6) = 3.27, Values are mean values ± SEM HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood pressure, RPP rate-pressure product * P \ 0.05, versus respective baseline P = 0.120, gp 2 = 0.353] but did show a main effect for time [F(1,6) = 22.37, P = 0.003, gp 2 = 0.789] and a treatment by time interaction [F(1,6) = 43.51, P = 0.001, gp 2 = 0.879]. Paired samples t tests demonstrated that hyperoxia significantly reduced CVR (P \ 0.001) and vitamin C caused a significantly higher CVR during hyperoxia compared with control (P = 0.043). Taken together, these data indicate that systolic function (Sm) and CBV are increased and CVR is reduced in the presence of hyperoxia but this effect is abolished in the presence of vitamin C.
Baseline Sm, and CVR demonstrated moderate testretest reliability (Cronbach's a = 0.509, and 0.433, respectively). SV and CBV showed strong test-retest reliability (Cronbach's a= 0.815 and 0.747, respectively). Representative recordings of TDI tracings and CBV at baseline and during hyperoxia with and without administration of vitamin C are shown in Figs. 3 and 4.
Discussion
Study findings
These studies were performed to examine the effects of hyperoxia on CBV and myocardial function using noninvasive ultrasound techniques in conscious humans. We found that (1) hyperoxia evoked coronary vasoconstriction and reduced myocardial function; and (2) these effects were abolished by the administration of vitamin C.
Previous studies have demonstrated that hyperoxiamediated vasoconstriction in the forearm (Mak et al. 2002) and the calf (Rousseau et al. 2005) were abolished by vitamin C. Invasive studies from this laboratory demonstrate that hyperoxia causes a reduction in coronary flow and velocity in patients with ischemic heart disease (McNulty et al. 2007 ). Values are mean ± SEM Sm peak systolic velocity in systolic period measured at mitral annulus, Em early diastolic velocity at mitral annulus, Am late diastolic velocity at mitral annulus, CBV peak velocity of coronary blood velocity, CVR coronary vascular resistance
Hyperoxia and sympathetic nervous system activation
Attempts to analyze the effects of hyperoxia on coronary circulation and cardiac function have been made by others (see review (Feigl 1983) ]. The coronary vasoconstrictive effects of high PO 2 have been shown in animal and human studies (Baron et al. 1990; Feigl 1983; McNulty et al. 2007; Momen et al. 2009 ). Among important determinants of coronary blood flow, hyperoxia has been shown to alter autonomic nervous system activity, raise afterload and alter myocardial oxygen consumption. These responses have been suggested as contributors to hyperoxic constriction (Feigl 1983) . However, although adrenergic vasoconstriction has been identified to play an important role in coronary regulation, both animal and human studies suggest that systemic hyperoxia either lowers or does not change sympathetic activity (Daniell and Bagwell 1968; Seals et al. 1991) . Moreover, animal experiments demonstrate that even after combined parasympathetic and sympathetic blockade, 100% O 2 reduces coronary blood flow by 10% (Lammerant et al. 1969) . Similar results have been found in isolated heart preparations (Baron et al. 1990 ).
Hyperoxia and ROS
Hyperoxia leads to an increase in the superoxide anion O 2 Á2 (Rubanyi and Vanhoutte 1986) . Numerous studies have demonstrated that local O 2 Á-concentration is the main limiting factor for the availability of bioactive NO in healthy and diseased vessels. O 2 Á-interacts rapidly with NO leading to an accelerated reduction in dilator potential (Cai and Harrison 2000) . Superoxide dismutase (SOD) plays an important role in combating the effects of the superoxide anion on NO by accelerating the breakdown of O 2 Á2 to H 2 O 2 . This finding, however, is not universal (Mouren et al. 1997; Sauls and Boegehold 2000) . ROS may affect the redox state of tetrahydrobiopterin (BH 4 ), thus impairing its function as an essential cofactor for endothelial NO synthase (Mayer and Andrew 1998) . Hyperoxia may also reduce basal release of NO in porcine Fig. 3 Effects of hyperoxia on coronary blood velocity with and without vitamin C. Representative recordings of coronary blood velocity at baseline and during hyperoxia. Top subject without administration of vitamin C, the wave signals are shown in during room air (left) and during hyperoxia (right). Note, that during hyperoxia, the coronary blood velocity is lower than that during baseline. Bottom after administration of vitamin C, the coronary blood velocity is preserved during hyperoxia conduit coronary arteries (Pasgaard et al. 2007) . It is possible that hyperoxia interacts with nitrosylated hemoglobin and/or thiol compounds. Nitrosylated hemoglobin can serve as a NO transport vehicle. Release of NO from these compounds may be inversely related to blood O 2 tension (Jia et al. 1996) .
Hyperoxia and oxidative stress may also stimulate the production of the endothelium-derived vasoconstrictor endothelin (Dallinger et al. 2000; Messina et al. 1994) and may have an effect on potassium channel conductance and vascular smooth muscle cell resting membrane potential (Mouren et al. 1997) .
Vitamin C is known to improve endothelial function acting as a free radical scavenger restoring NO activity (Levine et al. 1996; Taddei et al. 1998 ). An administration of vitamin C abolished the coronary vasoconstrictor responses during hyperoxia, suggesting that acute coronary vasoconstriction was a consequence of oxidative stress in patients with ischemic heart disease (McNulty et al. 2007) .
In this report, vitamin C markedly attenuated the effects of hyperoxia on coronary flow and on the annular longitudinal velocity of LV movement. It has been well known that the longitudinal motion of the ventricle is an important component of LV systolic and diastolic function (Henein and Gibson 1999) . Tissue Doppler velocities of mitral annulus velocities have proven to be very sensitive for the assessment of myocardial dysfunction (Alam et al. 2000; Shan et al. 2000) . We reasoned that longitudinal ventricular movement would be a valid index of LV function if (1) regional wall motion was normal; and (2) rotational and translational cardiac motion were minimized (Ommen et al. 2000) . To minimize the effects of rotation and translational motion, the transducer was placed at the apex and images were acquired at end expiration as recommended (Lang et al. 2005; Ommen et al. 2000) .
Limitations
Several limitations should be noted. First, our study population was small (N = 8). Second, because of the very short half-life of NO, direct measurements of NO within human blood vessels are problematic. Moreover, measurements of oxidative stress in humans (especially as they pertain to acute short lived interventions) are neither sensitive nor specific (Bailey et al. 2004) . Third, unlike the invasive methods used previously in our catheterization laboratory, we calculated CVR from non-invasive determination of CBV, not from coronary blood flow. Coronary blood flow calculations rely on accurate measurements of vessel diameter. However, the diameter range of the LAD branches in which we measured blood flow velocity signals are only in the range of 0.8-2 mm. This diameter range is too small to be measured accurately and confidently with current commercially available echocardiographic machines. However, previous studies have shown a good correlation between maximal flow velocity and flow even at high flow rates (Marcus et al. 1981; Wilson et al. 1985) .
Clinical implications
Oxygen supplementation is widely used in clinical practice and is part of first-line treatment in myocardial infarction (Antman et al. 2004; Van de Werf et al. 2003) . We agree with prior important reports that have long posited that hyperoxia in this setting can be cause for concern (Rivas et al. 1980; Rush et al. 1995) . Additionally, oxygen is widely and often empirically used in the treatment of a diverse range of acute medical conditions. In one of the few randomized, double-blind, controlled trials of oxygen therapy, patients with uncomplicated myocardial infarction that were randomized to receive supplemental oxygen tended to have a higher mortality and more ventricular tachycardia than those not receiving supplemental O 2 (Rawles and Kenmure 1976) . The administration of highconcentration supplemental oxygen to the point of hyperoxia can be a frequent occurrence in the hospital setting. Based on the fact that congestive heart failure is so common in the general population, the empiric use of this agent is of potential great concern since previous studies from this lab and others suggest that oxygen therapy can have dose-dependent hemodynamic consequences in patients with CHF (Haque et al. 1996; Mak et al. 2001) .
Conclusion
In the present study, normal young subjects who acutely received supplemental oxygen were observed to have a reduction in CBV, an effect coincident with significant subendocardial myocardial impairment. Intravenous administration of vitamin C prevented these effects and could stimulate future research in this area.
